We investigated the role of the herpes simplex virus type 1 UL8 gene product in viral DNA replication. First, we unambiguously fine mapped the mutation in tsS38 (complementation group Us (41, 43) and one copy of oriL is located in the middle of UL (40, 47) . In addition to structural elements required for the initiation of DNA synthesis, the HSV genome encodes many proteins involved in nucleotide metabolism and DNA synthesis. These include ribonucleotide reductase (8, 12), thymidine kinase (11), dUTPase (35), alkaline nuclease (15, 30, 34) , uracil DNA-glycosylase (2, 3), a single-stranded-DNA-binding protein (ICP8) (9, 22, 46) , DNA polymerase (36, 37) , and a 65-kilodalton (kDa) doublestranded-DNA-binding protein (26, 33, 42) .
Eucaryotic DNA replication is complex and poorly understood at the biochemical level. Herpes simplex virus (HSV) DNA replication may provide a good model system for studying the mechanisms of eucaryotic DNA synthesis. An advantage of the HSV system is that it is amenable to both detailed genetic and biochemical analysis. Considerable progress has been made in the last few years in identifying cis-and trans-acting factors involved in viral DNA synthesis. Three cis-acting elements which are believed to act as origins of DNA synthesis have been identified. Two copies of oris are located within the inverted repeat sequences flanking Us (41, 43) and one copy of oriL is located in the middle of UL (40, 47) . In addition to structural elements required for the initiation of DNA synthesis, the HSV genome encodes many proteins involved in nucleotide metabolism and DNA synthesis. These include ribonucleotide reductase (8, 12) , thymidine kinase (11) , dUTPase (35) , alkaline nuclease (15, 30, 34) , uracil DNA-glycosylase (2, 3), a single-stranded-DNA-binding protein (ICP8) (9, 22, 46) , DNA polymerase (36, 37) , and a 65-kilodalton (kDa) doublestranded-DNA-binding protein (26, 33, 42) .
Genetic analysis provides the most direct approach to the identification of gene products essential for viral DNA synthesis. Of the known viral proteins listed above, ICP8 (9, 22, 46) and the HSV DNA polymerase (36, 37) have been shown by the analysis of temperature-sensitive (ts) and other mutants to be essential for viral DNA replication in cultured cells. More recently, Marchetti et al. (25) have reported the localization of a DNA-negative ts mutant (ts701) to a region consistent with the position of the gene for the 65-kDa double-stranded-DNA-binding protein (33) . In addition, a number of DNA-negative mutants have been described which presumably have lesions in other genes required for viral DNA synthesis. These include mutants in complementation groups [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] (44, 45, 49) , (4, 27) , and 1-37 (18, 27 (16) . Construction of pSG10-BD1 and pSG10-SB2.2 was described previously (45) (Fig. 1) (20) . A total of 106 cells were added to each tube and pelleted by low-speed centrifugation. To each cell pellet was added 0.6 ml of HEPES (N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid)-buffered saline solution containing 200 to 1,000 PFU of viral DNA (approximately 1 ,ug), a 10-fold molar excess of a cloned HSV DNA fragment (approximately 1 to 2 ,ug), carrier salmon sperm DNA to bring the final DNA concentration to 20 >.g/ml, and CaCl2 at a final concentration of 125 mM. The DNA was allowed to precipitate for 20 to 25 min at room temperature prior to being added to the cell pellet. After a 30-min incubation at 37°C in a shaking incubator, 5 x 105 fresh cells were added to each tube in a total of 5 ml of growth medium. The suspension was mixed well and used to seed duplicate 35-mm petri dishes and incubated at 37°C. At 4 and 16 h after seeding, the medium was removed and fresh medium was added. When maximal cytopathic effect was observed, duplicate cultures were scraped into medium, pooled, and frozen at -80°C. The infectious virus was processed as described previously (44) Despite problems with leakiness, we had previously shown that the mutation in tsS38 was rescued by pSG10-SB2.2, which contains a 2.2-kb fragment within EcoRI-D (coordinates 0.118 to 0.133, Fig. 1 ) (45) . Sequence analysis (28, 29) revealed that this fragment spans two open reading frames designated UL7 and UL8 (Fig. 1) . To (45) . This plasmid was digested with EcoRV, and BglII linkers were added. The resulting plasmid DNA was digested with XhoI, and a 16-base-pair (bp) polylinker from pDL19 containing a BgIII site (see Materials and Methods) was inserted. This generated a plasmid, pSG10-BD1G2, which was then digested with BglII and religated to create a deletion in UL8. The resulting plasmid, pDL80, was digested with BglII, and a BamHI fragment containing the ICP6 upstream regulatory sequences and the lacZ gene (ICP6::lacZ cassette [19] ) was inserted to generate pDL80-lac. This insertion eliminated both the BglII site and the BamHI sites.
further marker rescue tests ( Table 1 ). The mutation was rescued by plasmids pSG10, pSG10-SB2.2, and pSG10-XH. Therefore, the mutation in tsS38 can be localized to a 1.0-kb fragment between coordinates 0.127 and 0.133. This fragment is completely included in the open reading frame designated UL8, which is predicted to encode a protein of approximately 80 kDa (29) (Fig. 1) . This result unambiguously localizes the mutation in tsS38 to UL8.
Isolation of a null mutation in the UL8 gene. Since tsS38 exhibits considerable leakiness at 39.5°C, it was not clear whether the UL8 product is essential for viral DNA synthesis. A null mutant was therefore constructed by the strategy summarized in Fig. 2 . A clone (pDL80) was constructed which lacks 1.6 kb of the coding sequence in UL8 and retains coding potential for only the first five amino acids of this polypeptide. An insertional mutagen consisting of the bacterial lacZ gene expressed under the control of the upstream regulatory signals of the inducible HSV gene ICP6 (19) 1 and 5) and hr8O (lanes 3 and 7) was digested with BamHI and HindIII and subjected to electrophoresis in parallel with BamHI-HindIII-digested pSG10-BD1 (lanes 2 and 6) and pDL80-lac (lanes 4 and 8) . DNAs were separated on a 0.8% agarose gel, blotted onto GeneScreen Plus, and hybridized to either 32P-labeled HSV fragment from pSG10-BD1 fragment (A) or lacZ fragment from pDP503 (B).
dye X-gal (5-bromo-4-chloro-3-indoyl-p-galactoside). Blue plaques appeared at a frequency of less than 1%. Two independently isolated mutant viruses were purified and propagated on S22 cells. Studies with one of these, hr8O, are described in this report, although both have identical phenotypes.
To confirm that the mutant contains the lacZ gene in the appropriate position as expected, KOS and hr8O DNAs were purified, digested with BamHI and Hindlll, and subjected to gel electrophoresis and Southern blot hybridization in duplicate (Fig. 3) . Plasmids pSG10-BD1 and pDL80-lac (containing the wild-type and mutant versions of the UL8 gene, respectively) were digested with the same enzymes and subjected to electrophoresis in parallel with the viral DNA. Duplicate filters were hybridized to either the 32P-labeled HSV fragment from pSG10-BD1 or the 32P-labeled lacZ fragment from pDP503. pSG10-BD1 and KOS contained the 6.3-kb fragment of the wild type (Fig. 3A, lanes 1 and 2,  respectively) , whereas pDL80-lac and hr8O contained the 8.9-kb version expected if the ICP6: :lacZ cassette was present (Fig. 3A, lanes 3 and 4, respectively) . When the duplicate filter was hybridized with a lacZ probe (Fig. 3B) , only the 8.9-kb fragment of pDL80-lac and hr8O was detected (lanes 7 and 8, respectively). Neither KOS nor pSG10-BD1 hybridized to the lacZ probe (Fig. 3B, lanes 5 and 6,  respectively) . To rule out the unlikely possibility that the insertion in hr8O was in a region outside of the coding sequences of UL8, we performed additional Southern blot analyses using the restriction enzymes Sall and Sacl, whose recognition sites lie within 600 base pairs of the boundaries of UL8. The results of this analysis (data not shown) demonstrated that the ICP6::lacZ fragment was likely inserted into UL8 coding sequences as expected.
To assess the growth properties of hr8O, we determined the titers of this mutant and tsS38 ( these data that tsS38 is leaky at the nonpermissive temperature. Genetic characterization of hr8O. Complementation tests were conducted to confirm that the lesion(s) in hr8O is confined to UL8 and that no other gene expressed in S22 cells has been altered. Table 3 shows the results of quantitative complementation tests with hr8O and several ts and hr mutants whose mutations have previously been mapped to this region of the genome. In addition, tsJ12, whose mutation has been localized to the gene for glycoprotein gB (10) , was included as a positive control. Mutants tsJ12 (group 1-9), tsM19 (group 1-10), and hr27 (group 1-36) all complemented the growth of hr8O. Mutant hr8O failed to complement tsS38, indicating that both mutants are members of the same complementation group.
To provide further evidence that the growth defects observed in hr8O are due to the lesion in UL8 as expected, we did marker rescue experiments using three fragments from the EcoRI D region (Fig. 1 ). pSG10 and pSG10-BD1 rescued the mutation, while pSG10-P5 did not (Table 4) . These results localize the mutation in hr8O to pSG10-BD1 (coordinates 0.103 to 0.145), containing part or all of the reading frames UL6, UL7, UL8, and UL9. Because of the large deletion in hr8O, it was not possible to construct a plasmid to use for marker rescue which would contain only UL8 sequences and thus unambiguously localize the lesion in hr8O to the UL8 gene. Therefore, to show that the growth phenotype of hr8O (i.e., inability to grow on Vero cells) was due entirely to the insertion of the lacZ gene into the UL8 gene, we performed the following experiment. After marker rescue with pSG10-BD1, 22 plaques were picked which had lost the lacZ gene by recombination with wild-type DNA and thus formed white plaques instead of blue ones on S22 cells. If the growth phenotype of hr8O was due solely to the cell) were exposed to 10 ,uCi of [3H]thymidine per ml from 6 to 24 h postinfection. Cell lysates were then subjected to equilibrium centrifugation in neutral CsCl gradients as described previously (1) . Cellular DNA corresponds to a peak with a buoyant density of 1.690 g/cm3, and viral DNA corresponds to a peak with a buoyant density of 1.725 g/cm3. Note the relative differences in the CPM x 103 scales between graphs. Symbols: i, CPM x 103 plot; *, buoyant density plot.
presence of the lacZ gene in hr8O, all 22 plaques would be expected to grow on Vero cells; however, if the growth phenotype was due to a mutation in another gene, some white plaques would be expected to arise which would be unable to grow on Vero cells. All 22 plaques exhibited efficient growth on Vero cells (data not shown); thus, the loss of the lacZ gene segregated perfectly with the restoration of growth on Vero cells. The conclusion that the phenotype of hr8O is due to the UL8 mutation is further supported by three additional lines of evidence. First, since two independently isolated mutant viruses exhibited identical phenotypes, it is unlikely that hr8O contains additional mutations in UL6, UL7, or UL9. Second, since S22 cells do not contain the entire coding sequences of open reading frames UL6 and UL7, it is unlikely that there is a second lethal mutation in these genes. Third, results of complementation tests described above, in which hr8O complements hr27 efficiently, rule out a secondary mutation in UL9. These results taken together suggest strongly that the phenotype of hr8O is due to the introduced mutation in the UL8 gene. Phenotypic analysis of hr8O. The incorporation of [methyl-3H]thymidine jnto viral DNA in mutant-infected Vero or S22 cells was measured to determine whether the defect in hr8O is at the level of viral DNA synthesis. Wild-type-and mutant-infected cells were labeled and total DNA was harvested as described by Aron et al. (1) . Cellular and viral DNAs were then resolved by equilibrium centrifugation in cesium chloride. Figure 4 shows (Fig. 5B) . In contrast, hr8O-infected Vero cells (Fig. 5A) showed no detectable synthesis of true late (-y2) polypeptides such as ICP1/2, ICP19/20, ICP33, ICP43/44, and a protein which is most likely VmW21 (marked with an asterisk). Early-late (-yl) polypeptides such as ICP5 and ICP25 were synthesized in greatly reduced amounts compared with the wild type. This electrophoretic profile is similar to that seen in Vero and S22 cells infected with wild-type virus in the presence of the viral DNA synthesis inhibitor phosphonoacetic acid (Fig. 5) (13, 14) ; recent evidence suggests that the UL9 gene encodes this protein (31) . A double-stranded-DNA-binding protein has been identified in HSV-infected cells (26, 33, 42) ; recent evidence suggests that the UL42 gene encodes this product (33) . An (19) to construct a deletion mutation in the HSV ribonucleotide reductase gene. It is anticipated that detailed functional characterization of UL8 and other HSV replication functions will extend our understanding of the mechanism of HSV DNA replication and will be exploited for the development of additional targets for antiviral therapy.
